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Abstract

For the visualizationof volumedata the application of transferfunctionsis usedwidely. In this area the pre-
integration techniqueallows high quality visualizationsand the application of arbitrary transferfunctions.For
regular grids, thisapptoac leadsto a two-dimensionapre-integgrationtablewhich easilyfits into texture memory
In contrastto this, unstructued meshesequire a three-dimensiongbre-integgration table Asa consequengéhe
availabletexture memonylimits theresolutionof the pre-integration tableandthe maximumocal derivativeof the
transferfunction.Discontinuityartifactsariseif theresolutionof the pre-integration tableis too low.

This paperpresentsa novel approach for accuiate renderingof unstructued grids usingthe multi-texturing ca-
pabilities of commodityPC graphicshardware. Our apptoac achieveshigh quality by reconstructinghe colors
and opacitiesof the pre-integration table usingthe high internal precisionof the pixel shader Sincewe are using
standad 2D multi-texturing weare notlimited in thesizeof the pre-integration table By combiningthis appoac
with a hardware-acceleated calculationof the pre-integration table, we achieve both high quality visualizations
andinteractiveclassificationupdates.

Catgyoriesand SubjectDescriptorgaccordingto ACM CCS) 1.3.1 [ComputerGraphics]:PictureandimageGen-

erationGraphicgrocessors!.3.3 [ComputerGraphics]:PictureandiImageGeneration¥éwing algorithms.
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1. Introduction

Due to the increasingflexibility of commodity graphics
hardware the pre-intgrationtechniquehasbecomewidely
available for the visualization of volume data on regular
grids. Previous approache$or unstructuredmeshesthatis
irregular tetrahedralgrids, emplo/ed a 3D texture to ef-
fectively apply pre-intgration. Although the resultingim-
agesare of high quality, there are several restrictionsdue
to the limited amountof availabletexture memory Transfer
functionswith high gradientsrequirea high resolutionpre-
integrationtable,which doesnotfit easilyinto thededicated
texturememory To circumventthisrestrictionwe proposdo
implicitly storethe 3D textureby meansf multiple 2D tex-
tures.Thenthe colorsandopacitiesof thethree-dimensional
pre-inteyration table can be reconstructedaccuratelywith
the high internalprecisionof the pixel shader
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1.1. Related Work

Direct volume renderingof unstructuredmesheswas dra-
maticallyacceleratetby the ProjectedletrahedrgPT) algo-
rithm of Shirley andTuchmant3 18, In orderto compensate
for thelimitations of the PT algorithmthereexist numerous
competingapproachessuchasray tracing3, ray casting!4,
slicing 23, andsweep-planalgorithmst?.

The original PT algorithminterpolateshe opacitiesand
colorslinearly betweerthevertices resultingin Machbands
as reportedby Max et al. 6. Extendingthe original al-
gorithm, Stein et al. 16 presenteda solution for the cor
rectinterpolationof opacitiesby utilizing 2D texture map-
ping. However, this methodis restrictedto linear transfer
functionsfor the opacity and still interpolatescolors lin-
early ignoring the transferfunction inside the tetrahedra.
Roettgeret al. 11 presentedan improvementto this algo-
rithm using pre-intgrated2D texturesand a linear inter-
polation of the opacity They alsointroduceda new tech-
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niquewhichis basedn 3D texturemapping Thistechnique
allows the correctinterpolationof both the colorsandthe
opacitiesemplgying the pre-integration methodfirst intro-
ducedby Max etal.”. Although3D texturemappings avail-
ableon recentPC graphicshardware,the limited amountof
texture memoryrestrictsthe accurag of the classification.
Thereforeclassificationscontaining high gradientsdo not
renderacceptableesults ModernPCgraphicshardware for
instancethe ATI Radeon8500andthe NVIDIA GeForce4,
allow more sophisticatecapproachesising dependentex-
tures, multi-texturing, perpixel shading,and hardware ac-
celeratedpre-intgration. This enablesus to overcomethe
limited sizeof thethree-dimensiongre-integrationtable.

1.2. Paper Overview

Theremainderof this paperis organizedasfollows: In Sec-
tion 2 the basic cell projection algorithm and the optical
modelusedthroughoutthe paperare describedA new ap-
proachfor approximatinghethree-dimensionaiy integral

by meansof multiple 2D texturesis discussedn Section3.

An efficient hardware acceleratedalculationof the ray in-

tegralis givenin Sectiond4. Employing the new approxima-
tions,theexperimentakesultsobtainedon differentgraphics
hardware are presentedn Section5. Finally, we conclude
our paperandoutline futurework.

2. Basic Algorithm

The ProjectedTetrahedraalgorithm canbe outlined asfol-
lows: All tetrahedraare sortedaccordingto their visibility
(seealso19 14151 classifiedto their projective profile and
split into trianglesas seenin Figure 1. In a more general
approacheachcell is split into several tetrahedraduring a
precomputationadtep.However, it is alsopossibleto render
hexahedralcells directly usingthe extensionof Schussman
andMax 12. Although our approachs compatiblewith this
extensionwe restrictoursehesto tetrahedrahroughouthis
paper

While the original PT algorithm usesa linear interpola-
tion of colors and opacitiesbetweenthe triangle vertices,
Stein et al. suggestto use a 2D texture map for the ex-
ponentialinterpolationof the opacities.The texture coor
dinatesassignedo eachvertex correspondo the average
extinction coeficient T andthe thicknesd of the projected
cell, whereasthe texture map containsthe a-component
setto o = 1—e U, Sincethe texture coordinatesare in-
terpolated linearly, this approachis restricted to linear
transferfunctionst = 1(f(x,y,2)) with f beingthe scalar
function. In their high accurag volume renderer(HIAC)
Williams et al. 2t extendedthis approachto piecavise lin-
eartransferfunctions.

Assuminga linear interpolationinside the tetrahedrajt
caneasilybe seenthat f varieslinearly alongeachviewing
ray. Thereforethe integratedchromaticityC and opacity a
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Figure 1: Classificationof non-dgeneated projectedtetra-
hedi (top row) andthe correspondingdecompositior{bot-
tomrow) accoding to 13.

of the ray sggmentcan be definedby a three-dimensional
function dependingon S¢, S, and| (seeFigure 2). Using
theopticalmodelof Williams andMax 20.8 21 with the chro-
maticity vectork = K(f(x,y,z)) andthe scalaroptical den-
sity p = p(f(x,y,2)), theray integral is givenasfollows:

S( = S+ (S-S
ClsSl) = [ e BPEO(s )p(S )
a(Sh,Sy,l) = 1— e JoP(Sm)d

Figure 2: Intersectionof a tetrahedal cell with a viewing
ray. S and §, are the scalar valuesof the front and bad
face respectivelyl denoteghelengthof theray segment.

Thesentegralsarecomputedisingthe numericalintegra-
tion describedby Engelet al. 2. For eachcompositingstep
we calculatethecolor |’ of a pixel from the previouscolor |
by usingthefollowing blendoperation:

I = C+(1—a)xl.
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Employing the 3D texturing approachas proposedby
Roettgeret al. 11 bothk andp neednot be linear, thusar
bitrary transferfunctionscanbe applied.However, 3D tex-
turesrequirea hugeamountof texture memoryto achieve
high quality imagesfor arbitrary transferfunctions.Beside
the memorylimitations of consumegraphicshardware 3D
texturemappingalsoresultsin adecreasedenderingperfor
mance.

3. High Resolution Ray Integral

Sincehigh resolution3D texturesrequirehugeamountsof
texturememory we separatehethree-dimensiondlinction
of thevolumedensityopticalmodel.Unfortunatelyonly the
opacity can be separatecasily The chromaticityneedsto
be approximatedy meansof a linear combinationof two-
dimensionafunctions.

3.1. Opacity Reconstruction

Sincethe opacitydepend®n the averagedensityalongthe
viewing ray andthe length| of the ray segment,it canbe
separatea@sfollows:

1
B(St,S) /0 o(St +1(S— S))et &
ap(x) = 1—€ 2)

For eachrenderedpixel we derive the averagedensity p
from a 2D texture map (Equationl) and computethe final
opacity a1p by meansof a 1D dependentexture lookup
(Equation?).

In order to further increasethe accurag of the recon-
structeda values,the dependentexture is extendedto hold
the higher8 bits of a 16 bit a valuein the alphachannelA
andthelower 8 bitsin theadditionalluminancechanneL. In
orderto mapthemaximum16 bit a valueto 1, it is scaledoy
thefactor325. Sincetheresultingequatiornip = 2 + 55
is linear, the texture interpolationdelivers a true 16 bit a

lookup.

Comparedo thelinearapproximatiorof theopacityusing
the 2D texturing approactof Roettgeret al. 11 theresulting
imagesaresignificantlyimproved, asillustratedin Figure3.

3.2. Chromaticity Reconstruction

In order to achieve a high-quality approximationof the
chromaticity we pre-integratethenormalizedchromaticities
G = % for | — 0 and| = Imax With Imax being the maxi-

mum length of the ray segments.The normalizedemission
Co andthe differenceAC; of the normalizedemission<y

andC,_, arestoredin two high resolution2D textures.The
latteremissionsaredefinedasfollows:
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Figure 3: Comparisonbetweenlinear appoximationand
correctexponentiala. The correspondingransferfunction
which is split into normalizedemissionand opacity can be
seerbelowead image.
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< (5.5) = OXEMREWN)
(5. %) Tosi(0)
. C(St, Sos Imax)
Clmax(sfasa) = G(Sf,so,lmax)
ACi(S1,S) = Ciu(SH,S) —Co(St, S)

Usingthetexture setupof Tablel, we implementthe fol-
lowing approximationof the volume optical densitymodel
by utilizing dependentexturesandthe pixel shaderon the
NVIDIA GeForce424 andthe ATI Radeon8500° graphics

adapter:
C(Sfya);l) élin(sf:a)al)a(sfasaal)

Gin(St,Sp,l) = co(sf,so)+ﬁaxAcl(sf,so)

a(St, S, 1) = amn(p(S,S))
unit  coordinates RGB A
0 %  Co(Sh,S) (St S)
1 S, S ACy(St,S) -
2 1p(S,S) - a1p(1p(St,S))

Table 1: Texture setupfor dependentexture mapping



